Summary. Quantitative information on the soil erosion periods of Pleistocene on the Loess Plateau is rare. Here, we present results of the field work at Luochuan, Weinan, Tongchuan, Fufeng, Baoji, and Yangling, and a comparison between the SPECMAP, ODP-677 δ
Introduction
Soil erosion is one of the main environmental problems in the world. The Chinese Loess Plateau has undergone severe soil erosion, not only during the present time, but also throughout the entire Quaternary period (Liu et al. 1985 , Xia 1999 , He et al. 2006 . Soil erosion studies predominantly concentrate on erosion processes occurring at present or in the recent past (within 10,000 years), whereas, relatively few studies have been conducted at the geological time scale. Thus, definite conclusions have yet to be reached on even some basic issues. For example, the climatic causes of severe soil erosion on the Loess Plateau were disputed. Liu et al. (1985) proposed that severe soil erosion would occur during a warm-wet period, based on their study of many loess-paleosol sections. In the warmwet period, loess deposition was relatively slow, soil began to develop, and as rainfall increased, soil erosion might have been more severe than in the cool-dry period. Based on this hypothesis, they identified five erosion surfaces, representing five ero-sion periods, which happened at around 2.4 MaBP, 1.48 MaBP, 0.5 MaBP, 0.33 MaBP, and 0.10 MaBP.
Different from Liu et al.'s opinion, Tang et al. (1991) proposed that, except for human activities, a semiarid climate was the most important factor in producing severe soil erosion in the Loess Plateau. Their hypothesis was based on the current conditions. A semiarid climate dominated the region of the Loess Plateau, called the "wind-water erosion crisscross region", where severe soil losses occurred due to seasonally alternating wind and water erosion processes (Tang et al. 1991) . Consequently, they (1991) argued that if the Loess Plateau region had experienced similar climatic conditions in the past, there would be serious soil erosion. However, they did not reach the detailed erosion periods.
Even as Liu et al. (1985) and Tang et al. (1991) proposed that the prevailing climate was the most important factor in producing severe soil erosion; Zhao et al. (2002) came to a different conclusion. They divided the causes of erosion into three types: tectonic movements, climate, and human activities. However, before ~6,000 aBP, the influence of human activities could be neglected. After studying river terraces formed since 1.6 MaBP, they concluded that tectonic uplifting caused the base of the erosion to descend and strengthened water erosion rapidly along the edge of the loess tableland, while during the warm-wet period or the cool-dry period, soil erosion was not so severe; tectonic movement played a more important role than climatic change in causing severe soil erosion.
Other scientists proposed that climate was the causal agent for severe soil erosion during the transitional periods of climate change. After an extensive field survey of many exposed sections (means loess cliff) of loess deposits and ancient river terraces on the Loess Plateau, Zhu et al. (1994) found that the A horizon or both the A and the B horizons of some paleosols were absent. They attributed the absence of these horizons to severe soil erosion. As paleosol formed in the warm-wet period, loess deposited in the cool-dry period, they concluded that if the top of one paleosol layer was absent, it meant that the climatic pattern had changed from warm-wet to cool-dry, and soil erosion was more intense at this time than during any other period. In contrast, Xia (1999) argued that both the warm-wet period as also the transition from the cool-dry to warm-wet periods were times of severe soil erosion in the past. He asserted that as the vegetable evolution was lagging behind climatic change, when the climate got warmer and wetter, the vegetables had not recovered yet, and if there was enough rainfall, soil erosion occurred easily. The transitions from cool-dry to warm-wet periods would have more severe erosion and the erosion rate was related to the rate at which the climate changed. A third opinion was given by He (2006) . He supported Xia's opinion that when the climate changed from cool-dry to warm-wet, there would be intensive soil erosion.
Based on each of their hypotheses, every scholar ascertained a set of erosion periods. However, no consensus has been reached on the kind of environmental condition under which severe soil erosion could have occurred historically. Furthermore, there was a lack of agreement on what kind of geological phenomenon could be considered as an erosion surface. As the erosion periods they suggested were multifarious, further study on erosion periods was needed.
In this study, we analyze the environmental condition that may have caused intensive soil erosion and define what kind of relics can be considered as erosion sur-faces. An attempt is also made to compare Shackleton et al.'s (1990) 
Comparison and erosion periods
The magnetic susceptibility curve of the loess-paleosol sequence has been used to reconstruct the paleoclimate of the Loess Plateau. It matches the ODP-677 δ 18 O curve and SPECMAP well (Heller et al. 1982 , Heller et al. 1986 , Hovan et al. 1989 , Kukla et al. 1990 , Liu et al. 1998 , Balsam et al. 2005 , hence, we took these curves to determine the climatic transition period, which is suggested to be the possible erosion period. In this study, the simultaneous leaps of the two curves indicate possible climatic events. From the bottom to the top of these curves, if the curve turns right swiftly, it means that the climate transforms quickly from cool-dry to warmwet, thus indicating the beginning of a soil developing episode and probably an erosion period. If the curve turns left rapidly, it means that the climate will change from warm-wet to cool-dry, which indicates the beginning of a dust depositing period and also probably an erosion period, but this is not as definite as the former. 
Field work with erosion relics
Field work was carried out from October 2008 to November 2009 on the central south part of the Chinese Loess Plateau. Figure 1 shows the location of the study area. So far as we knew, river terraces, sedimentary sequences, and unconformity interfaces between the loess and paleosol could represent erosion events. The sedimentary profile was not studied at that moment. As the sedimentary range varied with the migration of the river channels, no standard sedimentary profile that was suitable for inversing erosion events had been found. For identifying erosion periods, however, river terraces were not as significant as the unconformity surfaces. The erosion relics we found were at Luochuan, Weinan, Tongchuan, Fufeng, Baoji, and Yangling. There were unconformity interfaces between the loess and paleosol layers. No dating method was adopted in this study; our age model of the loess-paleosol sequence was based on Ding et al. 's timescale (2002) .
Results
Intensive soil erosion periods can be obtained by comparing the ODP-677 δ
18
O curve, SPECMAP, and the magnetic susceptibility curve. Figure 2 shows this comparison and the erosion periods we have obtained.
From figure 2 we can see a leap at ~0.128 MaBP on every curve, including the ODP-677 δ
O curve, magnetic susceptibility curve of the loess, and the SPECMAP, representing a climatic event. When the climate changed from cool-dry to warm-wet, severe soil erosion could occur. This erosion event was well recorded by the Fufeng section, Yangling section, Weinan section, Luochuan section, and the Xifeng section (Guo et al. 1996) . Figures 3-6 show some of these erosion surfaces.
Another climatic event occurred at ~0.245 MaBP, although not so conspicuous on the SPECMAP, it was obvious in the magnetic susceptibility curve, and this might suggest that the climatic event was not global. Figure 7 shows the unconformity between the paleosol layer and the loess layer. It indicated that an erosion event occurred on the third loess layer.
Intensive soil erosion periods of Pleistocene The third erosion event might have taken place at ~0.336 MaBP, when the S3 began to develop. This was well recorded in the Luochuan section (Liu 1985) .
The subsequent erosion event, at ~0.412 MaBP, was well recorded in the Weinan section ( fig. 6 ), Chunhua section ( fig. 8) , and Tongchuan section ( fig. 9) .
The fifth erosion event occurred at ~(0.621-0.531 MaBP), when S5-1, S5-2, and S5-3 began to develop. This erosion event was well recorded by many sections (Liu Fig. 4 . Yangling loess-paleosol section I (34°18.540 N, 108°05.627 E), showing an angular unconformity between the first paleosol layer (S1) and the second loess layer (L2). O curve and SPECMAP there was no significant leap at ~(0.621-0.531 MaBP) (Kroon et al. 1998) , it might indicate that this climatic event did not bear global significance, either. The IX erosion event was in accordance with the end of the Riss Glaciation (de Beaulieu et al. 1984) , when the climate became wetter and warmer. The development of S5 and this erosion event might be local.
Intensive soil erosion periods of Pleistocene 279 Fig. 6 . Weinan loess-paleosol section I (34°20.960 N; 109°31.655 E), showing two angular unconformities, one between the fourth paleosol layer (S4) and the fifth loess layer (L5), and the other between the first paleosol layer (S1) and the second loess layer (L2) as also the second paleosol layer (S2). , showing an angular unconformity between the twelfth paleosol layer (S12) and the thirteenth, fourteenth, and fifteenth loess layers (L13, L14, L15) and the thirteenth and fourteenth paleosol layers (S13, S14). At ~0.964 MaBP, ~1.120 MaBP, and ~1.240 MaBP, on which S9, S12, and S14 began to develop, the climate changed rapidly, and as a result, severe soil erosion could occur. Figures 11-13 show the erosion events that occurred at ~0.964 MaBP, 1.120 MaBP, and 1.240 MaBP, respectively. From 1.87 MaBP to 2.58 MaBP, the record on the ODP-677 δ
O curve of the climatic evolution is not as remarkable as before. Therefore, the magnetic susceptibility curve of the loess is considered more effective in inversing the climatic evolution rather than the other curves. From this curve, at ~1.87 MaBP and ~2.19 MaBP, when S21, S25, and S29 begin to develop, the climate might change rapidly and intensive soil erosion probably occurs.
At ~2.58 MaBP, when the climate changed from warm-wet to cool-dry rapidly, an intensive erosion event attacked the Loess Plateau. The unconformity surface between the red clay and loess with fluvio-lacustrine deposits, recorded this erosion event clearly. Figure 14 shows this erosion event.
4 Discussion
Erosion and environmental condition
Regardless of human activities, there are two main factors that cause intensive soil erosion: tectonic movement and climate change. Some studies have regarded tectonic movement as the main factor (Zhao et al. 2002) . However, tectonic movement is normally a gradual process. The abrupt shake of the earth's crust (earthquake) has not dominated this plateau during the whole Quaternary. Thus, soil erosion due to earthquake cannot lead to an intensive erosion period. Since 2.4 MaBP, the maximum vertical amplitude of Neotectonics is 930-1,000 m and its average rate is 0.39-0.42 mm/a at the center of the Plateau (Zhu et al. 1994) , and tectonic movement usually lasts for a long period. If it had been the main factor of intensive soil erosion, the loess plateau could not have existed till today. Although climate change is quite different, sometimes it changes abruptly. The Younger Dryas (YD) event is a good example. During the YD period, the yearly temperature range increased (Renssen et al. 1998) . At the end of the YD cold event, the Greenland ice record demonstrated that warming at this time was abrupt (Severinghaus et al. 1998 ). In the north Atlantic region, during the Younger DryasPre-Boreal transition, storminess decreased, the precipitation rate increased by 50%, and the temperature went up by 7°C (Dansgaard et al. 1989) . In China, during the YD period, the yearly temperature range of decrease was about 4-12°C (Chen et al. 2004) . When precipitation increased rapidly, the land surface was covered with grass and shrub, which fit the former drier climate. The topsoil could not resist the mighty water flow and soil erosion would be more severe than before. The rapid change of temperature could kill some plants, so the topsoil would lose its protection. If there was enough rainfall, the soil would be eroded away by the water flow. Moreover, during climate transition, the climate was not as stable as before; extreme climate events such as droughts and floods became more frequent. Therefore, soil erosion would be more severe. Figure 4 shows that after the second layer of loess (L2) was deposited and before the first layer of paleosol (S1) began to develop, intensive soil erosion occurred. It indicated that this intensive soil erosion event occurred when the climate changed from cool-dry to warm-wet. Figure 14 shows the relationship between the climatic evolution and soil erosion.
As a result, we consider the climate transition period as the main soil erosion period. Ding et al. (1990) analyzed many paleosol-loess sections and divided them into 37 climatic cycles. According to their conclusion, there were about 37 erosion periods. Zhao (2000) also compared paleosol-loess sequences with the δ 18 O-PDB curve since 2.6 MaBP, divided them into 51 cycles and sub-cycles, which meant that there might be 51 erosion periods. Nevertheless, there is not enough geological evidence to support these two hypotheses. This might demonstrate that not every climate transformation corresponds to severe soil erosion. It depends on the ecoenvironmental stability and rainfall. In view of this, we only selected the significant and swift climate transition periods as the erosion periods.
Erosion relics
To define what kind of soil erosion could be considered as intensive, a large number of works still remains. As there is no definition of the intensive erosion period, it is very difficult for us to calculate the average erosion modulus of each given period and area, therefore, at present, the intensive soil erosion period cannot be obtained by calculation. The only means to solve this problem is to seek erosion relics, such as, erosion surfaces, river terraces, and the absence of soil genetic layers. If there is a palaeo-gully covered with loess or paleosol, an intensive erosion period could be identified.
A river terrace might be a sort of erosion relic. According to the cause of formation, river terraces could fall into two categories: climatic terrace and tectonic terrace. Each terrace probably represents a certain erosion period. As analyzed earlier, the tectonic movement could not be the main cause of severe soil erosion, hence, only a climatic terrace could be taken as evidence of severe soil erosion. However, a climatic terrace is not predominant on this plateau, and is difficult to distinguish. Some studies took the absence of some soil genetic layers of paleosol as evidence of an erosion event, compared these relics with fluvio-lacustrine deposits, and determined seven erosion periods (Zhu et al. 1994 ). This viewpoint is worth discussing. When the climate changed from warm-wet to cool-dry, there was not enough organic matter to join in the epipedon as before. With the climate turned drier, the humus decayed more rapidly. If we could not find the A layer in some paleosol layers, it might have decayed (Zhao 1991) , not really eroded. The absence does not really represent an erosion period. However, on the Loess Plateau, severe soil erosion should have left a gully or a slope, but we could see no gully or slope on the top of paleosol layer, which lacked the A layer. Moreover, another problem appeared. In paleosol there were A, B, and C (or more) layers, while in the loess there were no obvious soil genetic layers. If one loess layer lacked one or two genetic layers, there was no evidence to prove it. Thus, the absence of soil genetic layer could not be considered as an erosion surface. The standard erosion surfaces in the loess-paleosol sequence were the unconformity surfaces (including the inclined paleosol layers and wavy loess-paleosol interfaces as shown in figs. 3 to 14) . 
Reconstruction of climatic evolution
Climatic evolution is suggested to be the main factor of the erosion-deposition cycles on the Loess Plateau. Erosion periods correlate with the climate transition periods. Therefore, if we want to reconstruct the paleoclimate of the Loess Plateau since 2.58 MaBP, and obtain the theoretical erosion periods, we should seek a reliable, climatic substitutive index. In recent years, numerous proxy indicators have been used to characterize climatic evolution during the Quaternary.
Organic carbon isotopes could be regarded as an index of mean annual precipitation (Han et al. 1997 , Ning et al. 2008 ; the magnetic susceptibility of loess and paleosols is used as a proxy of summer monsoon intensity , Heller et al. 1993 ; the loess-paleosol grain size record presents the strength of the East Asian winter monsoon winds (Ding et al. 2002) , and so on.
Among these substitutive indexes, the magnetic susceptibility curve of the Chinese loess-paleosol sequence and the deep sea δ
18
O records curve correlate well with each other, yet the implications behind this correlation remain poorly understood (Heller et al. 1982 , Heller et al. 1986 , Hovan et al. 1989 , Kukla et al. 1990 , Liu et al. 1998 , Balsam et al. 2005 , Wang et al. 2006 . The δ
O-PDB curve can be used to inverse the climate evolution of the Quaternary in case of the absence of some loess or paleosol layers, and so can the ODP-677 δ
O curve. However, some climatic proxies of the loess-paleosol sections are still needed. After all, the study area is the Loess Plateau. The magnetic susceptibility of the loess-paleosol sequence is most widely used at present (Kukla et al. 1988 , Alekseeva et al. 2007 ); it has also been used in this study.
Incomplete erosion surfaces
We found that the erosion relics discovered could not represent all the erosion periods of the Loess Plateau since 2.58 MaBP. One possible explanation was that the latter erosion events had eroded too much soil, including some earlier erosion surfaces. Therefore, we could not infer the erosion periods just from the erosion surfaces we had seen. A comprehensive analysis of the climatic evolution and environmental change was needed.
Conclusions
Some conclusions can be drawn as follows: i) Climatic evolution is suggested to have played the most important role in the erosion events of the Quaternary on the Loess Plateau.
ii) The erosion surface is the best relic to identify erosion events, especially the unconformity surfaces between the loess and paleosol layers. Although the absence of the A layer of paleosol might not indicate an erosion event. The North China plain sedimentary sequences are not used in this study, as the sedimentary range varies with the migration of river channels.
iii) Comparing the SPECMAP and ODP-677 δ 18 O curve with the magnetic susceptibility curve of loess, we derived 13 erosion periods. They took place at 2.580 MaBP, 2. (1) During our field work, more erosion relics than we have illustrated here were found, unfortunately, we could not distinguish which loess layer it was, and the OSL/TL dating method did not meet our requirements. Therefore, the advanced dating method was needed. (2) The erosion surfaces we found could only prove some of the theoretical erosion periods, as the other erosion periods had no erosion surface to explain. Therefore, it demands more field work to find adequate erosion surfaces to display all the erosion periods. (3) These theoretical erosion periods were obtained by visual interpretation, and no statictical analysis was applied. Further studies are needed to invent new formulae for obtaining the climate change period based on these data.
